Chlorophyll a/b binding polypeptides (CABp) are integral thylakoid membrane proteins containing three membrane-spanning helices. We have created a series of mutations in tomato CABp to test whether individual membrane helices with hydrophilic flanking sequences, when fused to a transit peptide, can be imported into chloroplasts and correctly targeted to thylakoid membranes. All of the mutated precursors, including those with large C-terminal and internal deletions, were imported successfully, showing that these regions of the mature CABp are not required for import into chloroplasts. All mutants tested, containing either one or two membrane helices, were found primarily in the stroma and not in the thylakoids. The small amount of protein found associated with the thylakoids was largely resistant to alkali extraction but was sensitive to protease, unlike wild-type protein, which is resistant to both treatments. When incubated with thylakoids in the absence of stroma and/or ATP, a significant amount of wild-type protein assumes a form that is resistant to alkali extraction but is protease sensitive, like the imported deletion proteins. This form of the wild-type protein is not chased into a protease-resistant form by adding stroma and/or ATP. These results suggest that CABp can spontaneously associate with membranes as an aberrant species that is not an intermediate in the process of integration. The inability of the deletion forms of CABp to assume a protease-resistant conformation suggests that correct integration is afforded by elements within the entire protein that collectively contribute to the proper conformation of the protein. The ability of deletion mutants to associate with thylakoids in a nonphysiological way suggests that the study of such mutants may not be useful in elucidating thylakoid-targeting signals.
that each of the CAB proteins contain three membranespanning regions and two conserved domains flanking and including the first and third membrane-spanning a-helices (7) . The analysis ofpredicted amino acid sequences and results of proteolytic mapping of LHC II CAB proteins have led to the proposal of a model describing the topology of CAB proteins within the chloroplast thylakoid membrane (9) . This model predicts that LHC II CAB proteins are oriented with the N terminus in the stroma and the C terminus in the lumen. The recent elucidation of the three-dimensional structure of LHC II at 6 k resolution confirms this predicted model (14) .
CAB proteins are synthesized in the cytosol in a precursor form with a transit peptide at their N terminus. The transit peptide is necessary to target these proteins to the chloroplast and to initiate their translocation across the chloroplast envelope membranes (for review, see ref. 10 ). In the case ofCAB proteins, it has been argued that the C terminus may facilitate transport because several C-terminally truncated CAB precursors failed to be imported into the chloroplast (3) .
Following import into the chloroplast, the transit peptide is not required for targeting and integration of CAB proteins into the thylakoid membrane. Both Lamppa (17) and Hand et al. (8) found that a chimeric protein consisting of the mature part of CAB protein fused to the transit peptide of RBCSp, a stromal protein, was normally imported into isolated chloroplasts and integrated into the thylakoid membrane.
Cline (4) and Chitnis et al. (2) independently demonstrated that CAB polypeptide integrated into isolated thylakoids in the presence of stroma, Mg2' and ATP. The assay exhibited physiological specificity because envelope membranes could not substitute for thylakoids. Viitanen et al. (26) used this in vitro assay to demonstrate that CABp lacking the transit peptide was able to integrate into isolated thylakoids. Although CAB polypeptides are hydrophobic, they are maintained in a soluble form that is competent for integration by complexing with a factor in the stroma (19, 21) . CABp complexed to the stromal factor is still incapable ofintegration into the thylakoid unless additional stroma is supplied, suggesting that additional stromal factor(s) is required ( 19) .
The aforementioned observations are consistent with the notion that signals for targeting to and integrating CAB polypeptides into the thylakoid membrane are found in the mature portion of the protein. Kohorn (20) . The plasmids were transcribed using SP6 Polymerase and translated in the presence of 35[S]methionine using a wheat germ extract (18) . A diagram of the constructs is shown in Figure 1 . For CAB4.2p and 4.23p, amino acids corresponding to G126, E127, and Al28 have been changed to C, D, and P. In CAB4.3p, the amino acid corresponding to 1188 has been changed to F.
Import Experiments
Chloroplasts were isolated from 8-to l 0-d-old peas (Pisum sativum) as described by Cline (4). Precursor proteins, 2 x 106 cpm, were incubated with isolated chloroplasts (300 ,g
Chl in 1 mL import buffer), treated with thermolysin, and reisolated through 40% Percoll as described by Cline (4 
Integration Experiments
Chloroplasts were lysed by resuspension in 10 mM Hepes (pH 8.0), The suspension was centrifuged in a microfuge for 2 min. The thylakoid membrane pellet was separated from the supernatant and resuspended in SH to a Chl concentration of 2.5 to 3.0 mg/mL. The supernatant containing the stroma was centrifuged again at 75,000 rpm for 5 min in a TLA-100.3 rotor (Beckman) to remove any remaining thylakoid or envelope membranes. Integration reactions typically included thylakoid membranes (100 ,ug of Chl), stroma fraction (equivalent of 100 ,ug of Chl), 10 were substituted with either chloroplast envelopes (400 ng of carotenoids), dog microsomes (10 g,L), or soybean lecithin liposomes (200 ,Ag). Following integration reactions, thylakoid membranes were centrifuged as before, and the other types of membranes were centrifuged in a TLA-100.3 rotor at 75,000 rpm for 5 min. Membranes from either import or integration reactions, at a final Chl concentration of 0.5 mg/mL, were routinely treated with 0.1 N NaOH or 0.1 mg/mL of thermolysin for 30 min at 0°C. The membranes were then separated, washed in TGR, and solubilized in SDS-PAGE solubilization buffer.
Preparation of Envelopes and Liposomes
Chloroplast envelopes were isolated by a modification of a method described previously (11) . Chloroplasts were resuspended in 0.6 M sucrose in a solution of 10 mm TE, to a final concentration of 3 mg Chl/mL. They were then frozen for 60 min, thawed, and diluted with two volumes of TE. This solution was centrifuged in a microfuge for 5 min. The supernatant was transferred to another tube, underlayered with 0.2 mL of 1 M sucrose in TE and centrifuged at 75,000 rpm for 20 min in a TLA-100.3. The yellow band at the interface was removed, diluted with 10 mM Hepes (pH 8.0), and centrifuged again in the same rotor at the same speed for another 10 min. The pellet was resuspended in SH, spun down again as above, and resuspended in a minimal volume of SH to give a final carotenoid concentration of 20 ng/tL.
Liposomes were prepared from soybean lecithin (Sigma) by sonication, as previously described (1), at a final concentration of 10 ,g/,gL.
Gel Electrophoresis and Analysis
Solubilized membrane proteins were resolved by SDS-PAGE as described by Laemmli (16) or Schagger and von Jagow (24) . Gels were routinely fluorographed with Autofluor (National Diagnostics) following the manufacturer's directions, scanned by a Phosphorlmager instrument (Molecular Dynamics) for quantitation of radioactive bands, and exposed to X-ray film for documentation. Figure 1 illustrates the mutants constructed for this study. They were made from tomato cab4, a PSIH gene (20) . For CAB4. 1 and CAB4. 12, the protein was truncated after either the first or second membrane-spanning helices, respectively. CAB4.2, 4.3, and 4.23 contain the appropriate membranespanning helices and flanking regions fused to the CAB4 transit peptide. The precursor forms of these proteins are located in lanes marked P in Figure 2 . Each protein was synthesized as one predominant band by a wheat germ extract.
When imported into chloroplasts, each of the proteins was processed into lower molecular mass forms. All proteins were imported into the chloroplast with a magnitude comparable to CAB4p (Table I ). CAB4. lp, which lacks >50% of the Cterminus, was imported even more effectively than wild-type protein, demonstrating that the C terminus is not required for efficient import.
Deletion Mutants Are Found Primarily in the Stroma
Helix III, near the C terminus of CABp, has been suggested to contain information essential for thylakoid integration or targeting of the CABp (12, 13). We reexamined this point by Figure 2 . Import of CAB4p and deletion proteins into pea chloroplasts. In vitro translation products were imported into isolated pea chloroplasts and fractionated into stroma and thylakoids as described in "Materials and Methods." Samples in A to D were electrophoresed on a 14% acrylamide gel (24) and in E and F on a 15% acrylamide gel (16) . Gels were soaked in Autofluor testing whether proteins containing only one or two of the three helices could be integrated into the thylakoid. Figure 2 shows a fluorogram from a representative experiment with CAB4p and the five deletion proteins. Some of the lanes are overexposed to see the radioactivity in the membrane fraction. In the case of CAB4p imported into the chloroplast, >96% of the protein was found in the thylakoid membrane fraction as a single processed form with an apparent molecular mass of about 25 kD (Fig. 2A , lane M; Table I ). Labeled protein found in the stroma was degraded to 6-to 7-kD species (data not shown). When thylakoids containing the radioactive CAB4p were washed with 0.1 M NaOH, none of the radioactivity was removed (Fig. 2A, lane A) . Treatment of the membranes with thermolysin resulted in the formation of degradation products that were slightly smaller; combined, the bands contained approximately 75% of the radioactivity of the untreated thylakoid (Fig. 2A , lane T; Table I ). CAB4p contained four Met residues, one in both the first and second membrane-spanning domains and two in the third (Fig. 1) . The slight loss in radioactivity resulting from protease treatment was reproducible and suggested that a small population of the imported, membrane-associated wild-type protein was cleaved by protease.
In contrast, mutant proteins were found primarily in the stroma. The imported 4. 1 p yielded major processed forms of about 8.7, 6.8, and <3 kD, about 2.4% ofwhich was associated with the membrane (Fig. 2B , lane M; Table I ). Slightly <50% of the membrane-associated 4.1 p was still present after the alkaline wash. Protease treatment digested the membraneassociated forms to <3-kD species and reduced the radioactivity to approximately 10% of the amount found in the buffer-washed thylakoids. CAB4.2p and 4.3p were also found primarily in the stroma (Fig. 2, C and D) . When compared with 4.1p, slightly higher amounts, 4.5 and 7.9% of the imported protein, respectively, remained associated with the alkali-washed thylakoids. A portion of imported 4.2p and 4.3p was not processed, possibly because the context of the normal processing site was altered in the construction of the fusion protein. Following import, 4.2p gave rise to two major processed forms of 7.5 and 6.8 kD, respectively. CAB 4.3p was processed down to a number of polypeptides; the major bands were located at 9 and 6.6 kD. In both cases, the thylakoid forms of these proteins were not nearly as susceptible to alkali extraction as they were to protease digestion. Both 4.2p and 4.3p were degraded by thermolysin to forms smaller than 7 kD, and these forms accounted for approximately 10% of the radioactivity originally present in thylakoids washed only with buffer. Figure 2 , E and F show the results of an import experiment with the proteins containing two membrane-spanning domains, 4.12p and 4.23p. Following import into chloroplasts, CAB4. 12 was processed to a major 13.6-kD form and minor forms of 10 and 7 kD. The 13.6-kD band was somewhat resistant to extraction with alkali, suggesting that it was associated with the membrane, but it was degraded to a 7-kD species by protease treatment. Of the deletion proteins, 4.1 2p was associated with the membrane to the greatest extent; 9.6% of the imported protein was associated with alkali-washed thylakoids (Table I) Resistance to alkali extraction has traditionally been interpreted as evidence that a protein is interacting with the membrane. We do not know to what extent the hydrophobic portions of the protein have inserted into the membrane. The fact that they were largely sensitive to protease meant that a significant portion of the protein was exposed. Figure 3 Figure 4 shows the results of a representative experiment. All three proteins associated with the thylakoid to the same extent in the presence or absence of stroma. Alkali treatment did not remove the proteins, indicating that the proteins had associated with the membrane (Fig. 4 cf lanes M and A) . Clearly, the mutant proteins did not require stroma to interact with the membrane. Protease treatment degraded each of the three polypeptides into lower molecular mass polypeptides (Fig. 4, lanes T) . The pattern of these polypeptides on gels was the same whether or not the in vitro assays were conducted in the presence of stroma. Because stroma is required for integration of wild-type CAB, it is unlikely that the deletion proteins had integrated into the thylakoids either in the absence or presence ofstroma. The protease resistance exhibited by the deletion proteins is most likely due to an inherent property ofthe polypeptides. This property ofthe polypeptides A 4.2 B most likely accounts for the small degree ofprotease resistance observed in the import experiments.
Association of CAB Protein with Different Membranes
Because the mutant proteins could associate with thylakoid membranes in an alkali-resistant form in the absence of stroma, we investigated whether the same was true for wildtype CABp. Our experiments were done with tomato CAB3p, a protein closely related to CAB4p but which integrates more efficiently into thylakoids in the in vitro assay. The in vitro assay for CABp integration is specific for thylakoids (2, 5) . Therefore, we asked whether CABp would associate with other membranes in vitro. As a positive control, we incubated CAB3p with lysates and Mg-ATP. We compared the forms generated from this treatment with those generated from incubating CAB3p with chloroplast envelopes, dog pancreas microsomes, and liposomes prepared from soybean lecithin. No energy source or soluble chloroplast stromal factors were present in the reaction mixture. As shown in Figure 5 (lanes 1), CAB precursor was found associated with all membranes tested. Processing only occurred in the presence of stroma and ATP. Cline (4) had earlier reported that in the absence of ATP, 10% of the CABp associated with the thylakoid membrane was not extracted by alkali wash. We found that the amount of labeled protein not extracted from membranes by alkali treatment was 20% for thylakoids and envelopes, 50% for microsomes, and 80% for liposomes (Fig. 5, lanes 2) , suggesting that CABp possesses an intrinsic capability to interact with the lipid phase. In each case, except lysates, the protein was sensitive to protease (Fig. 5, lanes 3) , indicating that the major bulk of the membrane-associated protein was still exposed to the stroma. The same results were observed when Mg-ATP was also included (data not shown). For all membranes except thylakoids, CAB3p remained protease sensitive when stroma was included (data not shown). Thus, Samples were electrophoresed on a 14% acrylamide gel (24) and processed as described in Figure 2 . Gels were exposed to film for 2 d. A, CAB4.2; B, CAB4.3; C, CAB4.12. Lanes are labeled as in Figure 2 . Molecular mass markers for A and B are to the left and for C to the right. Support for the endosymbiont hypothesis has spurred parallels to be drawn between the translocation of proteins through E. coli cytoplasmic membranes and the translocation ofchloroplast proteins through the thylakoid membranes (25) . In E. coli, protein translocation and integration into cytoplasmic membranes is largely dependent on the Sec A, B, Y, and E gene products (28 
